Synchrotron X-ray microtomography and skeletonisation method were used to study the true 3D network structures and morphologies of the Fe-rich intermetallic phases in Al-5.0%Cu-0.6%Mn alloys with 0.5% and 1.0% Fe. It was found that, the Fe-phases in the 1.0%Fe alloy have node lengths of 5-25µm; while those in the 0.5%Fe alloy are of 3-17 µm. The Fe-phases in the 1.0%Fe alloy also developed sharper mean curvature with wider distribution than those in the 0.5%Fe alloy. Combining SEM studies of the deeply-etched samples, the true 3D structures of 4 different type Fe phases in both alloys are also revealed and demonstrated.
well connected and branched 3D network structure in Chinese script type α-Fe-phases in Al-Si alloys (the typical composition is Al14Fe2.8Si2). 3D morphology of Fe-phases has also been characterised using serial sectioning plus optical [11] or electron microscopy [12] . However, Focused Ion Beam (FIB) is normally used for sectioning sub-micrometre features [12] , not for those of length scale in many hundreds, even thousands of micrometres, such as the Fe-phases in present study, and serial sectioning is often very time-consuming. Recently, synchrotron Xray tomography has been used to study the 3D microstructures of a wide range of multiphase alloys [13] [14] [15] [16] . For example, the nucleation and growth of the Fe-phases in 3D in Al-Si alloys were reported in [4, [17] [18] [19] [20] ; and the snapshots of the 3D Fe-phases in Al-Cu alloys were given by Gutiérrez, et al [21] . However, Gutiérrez, et al did not segment the individual Fe-phases [21] . Hence, the detailed 3D structures of the Fe-phases, and their spatial interconnection with other phases such as Al2Cu have not been revealed. Normally, 4 different types Fe-phases exist in the Al-Cu alloys with Fe concentration of 0.5 -1.0% [22, 23] . They are plate-shaped phases β-Al7Cu2Fe and Al3(FeMn); and Chinese script-type phases, α-Al15(FeMn)3Cu2, and Al6(FeMn). These Fe-phases are very different to the plate-shaped Fe-phases found in the AlSi alloys [4, [17] [18] [19] [20] . So far, no reports have been found that describe the true 3D structures of the 4 typical Fe-phases present in the Al-Cu alloys [22, 23] and their spatial interconnections and correlations.
In this paper, we used synchrotron X-ray microtomography and skeletonisation method to study the 3D network structures and morphologies of the Fe-phases and the associated Al2Cu phases in two alloys: Al-5%Cu-0.6%Mn with 0.5% and 1.0% Fe (named 0.5Fe alloy and 1.0Fe alloy, respectively, hereafter). Higher Fe content was deliberately added into the two alloys to mimic those often found in the recycled Al alloys. The complex 3D network structures of the Fe-phases and the Al2Cu phases, their mean curvature distributions and the inter-dependence between the Fe-phases and the Al2Cu phases were reported for the first time. Furthermore, the true 3D morphologies of the 4 different types Fe-phases in Al-5%Cu alloys are also revealed, providing more quantitative 3D information for understanding the structures of the Fe-phases.
Both alloys were made by using pure Al ingot (99.9%), Al-20% Cu, Al-10%Mn and Al10%Fe master alloy with the correct charge weight. The feedstock materials were held inside a clay-graphite crucible and melted at 780 °C in an electric furnace. After temperature homogenisation, the melt was then cooled to 710 °C, and poured into a steel permanent mould Table 1 [25] . A white beam from a superconducting bending magnet source was used with a 400 µm Al filter to remove the low energy tail of the incident beam and to reduce heat load on the sample and detector. The imaging system consists of a 100 µm LuAG: Ce scintillator (Crytur) coupled to a white-beam compatible microscope with a 6.8 × magnification (Optique Peter). For each scan, 2000 projections were acquired over 180° of sample rotation.
Tomographic reconstructions were performed on the TOMCAT cluster [26] using the GridRec algorithm [27] coupled with the Parzen filter [28] with a setting at 50% amplitude. Then, the 3D bilateral filter was applied to the tomography datasets to increase the contrast and reduce noise. Finally, the pores, Al dendrites, Fe-phases, Al2Cu phases were manually segmented by using different threshold values and the boundaries between different phases were manually labelled. 3D segmentation and feature rendering were performed using Avizo Lite v9.0.1 (VSG, France) and the dedicated GUP visualisation node in Viper, the University of Hull's High Performance Computer (HPC) cluster. Normally, a sub-volume of 500 3 voxels with a voxel size of (1.62 micron) 3 was chosen for further analyses. However, from the X-ray absorption contrast only, it is not possible to distinguish and segment the 4 different types of Fe-phases in the two alloys. Hence, the segmented Fe-phases from the X-ray tomoscans contain all 4-type Fe-phases. By comparing the SEM images of the Fe-phases revealed by the deeplyetched samples with those showed in the X-ray tomography, we are able to identify the 4 different type Fe-phases as discussed later in the paper. 
where R1 and R2 are the two principal radii of curves respectively. Local curvature is an important geometrical parameter for the interface between two phases (dendrites or intermetallics) formed during the solidification processes, influencing the diffusion of solutes and therefore the final morphology of the phases. shows the volume rendering of 3D morphologies of the 4 type Fe-phases extracted from the tomographic images by carefully comparing with the deeply-etched phases obtained from the SEM observation. Fig. 4a shows the morphology of the Al3(FeMn) phases. In 3D, it is more or less like a long rod-like structure with a few small branches. While in 2D characterisation, they were often recognized as "needle-shaped phases" in the longitudinal direction. It is formed during the reaction: L → α-Al + Al3(FeMn). Fig. 4b shows that the Al6(MnFe) phase develops more branches, and become more complex in 3D. While the deeply-etched image further confirms such features. Fig. 4c reveals that the α-Fe is 3D complex network and apparently a typical 2D cross-sectional through the network could render a typical "Chinese script" in a 2D
view field. This complex morphology is because Al6(FeMn) transforms to α-Fe through the peritectic reaction: L + Al6(FeMn) → α-Al + α-Al15(FeMn)3Cu2 at 589-597 °C [22] . Thus, Al6(FeMn) is the nucleation site for the α-Fe phase. The α-Fe morphology presented in this study is significantly different from previous studies [6, 21, 22] reported in Al-Cu alloys, perhaps because those previous studies only observed a small volume of the deeply-etched samples [22] or FIB cut samples [10] . The β-Al7Cu2Fe phase in both deeply-etched SEM samples and tomography samples are plate-like ( Fig. 4d in a volume of 20 × 10 × 4 μm 3 ). The plate-like morphology is similar to the β-Al5FeSi in Al-Si alloys reported in previous studies [4, 14] . Such a large faceted structure promotes the formation of porosity defects and act as the sites for crack initiation during mechanical loading [17] .
In this paper, the true 3D network structures and morphologies of the Fe-rich intermetallic phases in Al-5.0Cu-0.6Mn alloys with Fe concentrations of 0.5% and 1.0% were studied and 
